Before the advent of intracytoplasmic sperm injection (ICSI) semen preparation techniques focused on the need to sustain the fertilizing potential of the spermatozoa particularly by reducing oxidative stress. However, for severely oligozoospermic patients treated by ICSI, sperm preparation protocols are used which aim to maximize sperm recovery rather than sperm function. In this study we have examined the impact of different sperm preparation techniques on oxidative stress, sperm motion and DNA integrity. Reactive oxygen species (ROS) generation was monitored using luminol-dependent chemiluminescence, seminal antioxidant activity was assessed using a total reactive antioxidant potential (TRAP) assay while sperm motility and DNA damage were evaluated using computer assisted semen analysis and in-situ nick translation respectively. The results demonstrate a significant increase in the levels of ROS generated by samples prepared by swim-up from a washed pellet compared with spermatozoa isolated directly from seminal plasma. This oxidative stress was associated with a highly significant increase in the level of DNA damage sustained by the spermatozoa while the quality of sperm motility remained largely unchanged. These results suggest that if repeated centifugation protocols are to be used to prepare spermatozoa, strategies should be developed for minimizing collateral DNA damage.
Introduction
A wide variety of sperm preparation protocols are currently available for use in assisted conception therapy. The techniques most commonly employed for in-vitro fertilization (IVF) include density gradient centrifugation (Percoll/Nycodenz), and swim-up from either unprepared semen or a washed pellet (Serafini et al., 1990; Matsuoka et al., 1995; Miller et al., 1996) . However, strategies involving repeated high speed centrifugation are also occasionally used in an effort to harvest as many cells as possible from the ejaculates of severely oligoasthenoteratozoospermic patients, particularly in cases requiring intracytoplasmic sperm injection (ICSI) (Ng et al., 1992; Liu et al., 1994) .
The development of such a wide range of preparative techniques has led to extensive investigation of the comparative merits of different strategies, particularly in terms of the preservation of sperm function. Thus, techniques involving the isolation of spermatozoa directly from the protective antioxidant environment provided by seminal plasma, such as swim-up from semen or density gradient centrifugation, have been shown to generate functional spermatozoa suitable for use in conventional IVF therapy (Mortimer, 1991; Aitken et al., 1995; Oehninger et al., 1995) . In contrast, repeated centrifugation of washed sperm preparations has been shown to damage spermatozoa via mechanisms that are mediated by the enhanced generation of reactive oxygen species (ROS) and suppressed by the presence of antioxidants (Aitken and Clarkson, 1988; Iwasaki and Gagnon, 1992; Griveau and Le Lannou, 1994; Aitken et al., 1995; Zalata et al., 1995) . Since such techniques are frequently used for the preparation of spermatozoa prior to ICSI, where the objective of the preparation technique is to optimize yield number rather than yield quality, it is probable that the spermatozoa subjected to this procedure have been exposed to severe oxidative stress. The fact that generation of ROS is liable to be elevated in the severely oligozoospermic patients treated by ICSI only exacerbates the amount of oxidative damage suffered by the spermatozoa used in this form of therapy (Aitken et al., , 1992a (Aitken et al., , 1995 Dondero et al., 1994) . However, functionally competent spermatozoa are not a prerequisite for ICSI (Liu et al., 1994) , and oxidative stress does not appear to interfere with fertilization rates achieved with this therapeutic technique (Twigg et al., 1998b) . So, if the use of oxidatively damaged spermatozoa for ICSI does have adverse consequences, these may appear during the post-implantation development of the offspring, rather than before.
This possibility arises from the fact that the induction of lipid peroxidation in the sperm plasma membrane is not the only mechanism by which ROS can damage sperm function (Jones et al., 1979; Aitken et al., 1993; Griveau et al., 1995) . ROS have also been shown to induce chromatin cross-linking, oxidative DNA base changes, and DNA strand breaks in a wide variety of cell types including spermatozoa (Dizdaroglu et al., 1991 Nackerdien et al., 1991; D'Cruz et al., 1992; Oluski et al., 1992; Jaruga et al., 1994; Martins and Meneghini, 1994; Abe et al., 1995; Altman et al., 1995; Chiu et al., 1995; Hughes et al., 1996) . Since studies of male smokers have established an association between DNA damage in human spermatozoa, and an increased incidence of childhood cancer (Ji et al., 1997; Sorahan et al., 1997) , the factors that contribute to such damage need to be identified and eliminated. In this context, it is possible that DNA damage might arise as a consequence of the procedures used to prepare spermatozoa for assisted conception therapy. Specifically, we postulated that techniques involving centrifugation of washed sperm preparations would be associated with iatrogenic ROS generation and, as a consequence, demonstrate higher levels of DNA damage than spermatozoa isolated directly from seminal plasma.
In this study we have used an in-situ nick translation protocol to determine the levels of DNA damage within populations of spermatozoa isolated in the presence or absence of the antioxidant protection afforded by seminal plasma. The relationship between the incidence of DNA damage, ROS generation by the ejaculate and the antioxidant properties of the seminal plasma were examined.
Materials and methods
Human sperm preparation Spermatozoa were prepared from semen collected by masturbation into sterile containers donated by a group of normospermic male volunteers participating in our research programme. The experiment was conducted using semen samples provided by 20 individual donors. The semen was allowed to stand at 37°C for 30 min after which completeness of liquefaction and ejaculate volume were noted. A semen profile was then performed and classified according to World Health Organization criteria for sperm concentration, motility and morphology (WHO, 1992) and a 300 µl aliquot of semen was removed for chemiluminescence and total reactive antioxidant potential (TRAP) determinations. Samples were then processed by two different swim-up techniques as described by Aitken and Clarkson (Aitken and Clarkson, 1988) . Semen aliquots (1 ml) were placed in two centrifuge tubes. The first was diluted with 6 ml of BiggersWhitten-Whitingham (BWW) medium (Biggers et al., 1971) containing 20 mM N-(2-hydroxyethyl) piperazine-N'-2-ethane sulphonic acid (HEPES; Gibco, Paisley, UK), 20mM NaHCO 3 and 0.3% human serum albumin (Albuminar; Armour Pharmaceutical Company, Eastbourne, UK). This sample was then centrifuged at 500 g for 5 min, the supernatant removed and a further centrifugation step performed after which the pellet was carefully overlaid with 2 ml of BWW. This preparation was then incubated at 37°C in 95% air and 5% CO 2 for 60 min. The second aliquot of semen was carefully overlaid with 2 ml BWW and placed in an incubator at 37°C in 95% air and 5% CO 2 for 60 min. At the end of this incubation period 1 ml of BWW was aspirated from the top of each preparation. Sperm concentration was then assessed using a Neubauer haemocytometer and adjusted to 10ϫ10 6 /ml. Finally, aliquots were removed from each preparation in order to assess the degree of DNA damage and quality of sperm movement.
Assessment of DNA damage
Sperm chromatin was chemically decondensed using a protocol similar to that described by West et al. (1989) before performing an in-situ nick translation assay for the detection of DNA strand breaks. A 50 µl aliquot of each sample was centrifuged at 500 g for 5 min, 440 resuspended in 1 ml of BWW containing 6 mM EDTA (BDH, Poole, UK) and centrifuged again at 500 g for 5 min. BWW (1 ml) containing 2 mM dithiothreitol (DTT; Calbiochem, Nottingham, UK) was then added to the pellet and the spermatozoa incubated for a further 1 h at 37°C under 95% air and 5% CO 2 .
Once the incubation in DTT had been completed the spermatozoa were centrifuged at 500 g for 5 min and then fixed with the correct volume of a 3:1 ethanol:glacial acetic acid mixture (Analar grade, BDH) to bring their concentration back to 10ϫ10 6 /ml. 10 µl of this suspension was dropped onto a demarcated area on a clean glass microscope slide and allowed to air-dry. A small volume of BWW containing 0.05% sodium dodecyl sulphate (SDS; Promega, Southampton, UK) was then added to each slide and allowed to stand for 2 min. Each slide was then rinsed in tap water followed by two washes in phosphate-buffered saline (PBS; Sigma, St. Louis, MO, USA).
In order to block any endogenous biotin/avidin binding sites within the spermatozoa (Wood and Warnke, 1981 ) a blocking step was introduced comprising sequential 20 min incubations with 0.001% biotin (Sigma) and 0.01% avidin (Sigma) in distilled water. In-situ nick translation was then performed using DNA polymerase 1 (Promega, UK). A 1 ml solution of DNA polymerase 1 mixture was made up according to the manufacturer's instructions comprising 905 µl dH 2 O, 10 µl 0.1 M DTT, 10 µl 1 M MgSO 4 , 50 µl 1 M Tris-HCl (Sigma) pH 7.2, 10 µl 1 mM biotin 16-dUTP (Boehringer Mannheim, Lewes, UK), 10 µl of a 1 mM dATP, dCTP, dGTP mix (Promega) and 5 µl DNA polymerase 1. 50 µl of this mixture was added to each slide, overlaid with a coverslip and incubated at room temperature for 30 min. The slides were then rinsed once in tap water and twice in PBS. Biotin incorporation was detected by an alkaline phosphatase (AP); 5-bromo-4-chloro-3-indoyl phosphate (BCIP): nitroblue tetrazolium (NBT; Boehringer Mannheim) method (De Jong et al., 1985) . Each slide was incubated in biotin-avidin conjugated alkaline phosphatase (AB complex; Dako, High Wycombe, UK) suspended in 50 mM Tris-HCl (pH 7.4) for 30 min at room temperature, rinsed once in tap water and twice in PBS and then placed in 50 mM TrisHCl (pH 7.4) containing 0.85% NaCl to remove non-bound AB complex. The slides were then placed in 100 mM Tris-HCl (pH 9.5) in 0.9% NaCl and 50 mM MgCl 2 for 5 min before being covered in NBT solution, made up as follows: 10 ml 100 mM Tris-HCl in 0.9% NaCl and 50 mM MgCl 2 , 45 µl of 75 mg/ml NBT in dimethyl formamide (DMF; BDH) 35 µl of 50 mg/ml BCIP in 70% DMF and 10 µl 1M lavimasole (Sigma) in distilled H 2 O. The slides were overlain with a coverslip and incubated in a humidified chamber at room temperature for 16 h. Following incubation, the slides were rinsed in tap water for 5 min, and passaged through 100% ethanol before being mounted under pertex (Cellpath, Hemel Hempstead, UK). Randomly selected sperm cells (n ϭ 50) were captured at ϫ400 magnification on an Olympus BH2 microscope and scored for grey level intensity on an IBM compatible PC using the software package Image Pro Plus for Windows v1.3.2 (Media Cybernetics, MA, USA). Data was saved for analysis on an Excel spreadsheet. The assay was standardized by calculation of coefficients of variation (CV). This was achieved by replicating the assay 10 times on stored samples from the same ejaculate on different days for the inter-assay CV and by performing 10 replicate analyses on the same sample for the intra-assay CV. The results obtained revealed inter-and intra-assay coefficients of variation of 12 and 13.3% respectively.
TRAP assay
The TRAP assay was performed according to the method described by Smith et al. (1995) but with some modification. For the generation of peroxyl radicals, a solution of 30 mM 2,2-azobis-(2-amidinopro-pane) (ABAP) (Polysciences, Washington, USA) dissolved in PBS was used. At 5 min prior to each assay run, a 100 mM luminol stock solution in dimethyl sulphoxide was diluted 1 in 1000 in PBS/ABAP. Aliquots (400 µl) of this mixture were placed in cuvettes in a Berthold 9505 biolumat luminometer and allowed to equilibrate to the operating temperature (37°C) for 5 min whilst chemiluminescence was monitored. Semen was centrifuged at 1000 g for 5 min, the seminal plasma aspirated with a pipette and a 50 µl aliquot diluted 1:4 with PBS. Once the peroxyl radical generating system demonstrated a steady-state level of chemiluminescence, a 4 µl aliquot of the seminal plasma/PBS solution was added to the ABAP/PBS solution to quench the chemiluminescent signal. The time to 50% recovery of the initial signal was then calculated as the TRAP time. A standard curve was created for each run using 6-hydroxy-2,5,7,8-tetramethyl-chroman-2-carbonsaeure (TROLOX) and the results expressed in TROLOX equivalents.
ROS chemiluminescence
The methodology used was that described by Aitken et al. (1992b) . Briefly, for pure semen, 200 µl of semen were placed in cuvettes of a luminometer with 2 µl of 100 µM luminol and 4 µl of a 2 mg/ ml horseradish peroxidase solution (Sigma) to give a spontaneous chemiluminescent signal. After 10 min, a 1 µl aliquot of 10 mM Nformylmethionyl-leucyl-phenylalanine (FMLP) (Sigma) was added to detect leukocyte contamination and, after a further 10 min, 2 µl of a 1 mM stock solution of 12-myristate-13-acetate phorbol ester (PMA; Calbiochem, Nottingham, UK) was added to assess the total ROS generating capacity of the ejaculate (leukocytes ϩ spermatozoa). The analysis of ROS generation in response to FMLP and PMA was repeated on 400 µl aliquots of the residual pellet or semen sample at the end of the swim-up procedure using double quantities of all reagents.
Computer-aided semen analysis (CASA)
The movement characteristics of the spermatozoa were examined using a Hamilton Thorn IVOS Motility Analyser, Version 10.5K employing a sperm concentration of 20ϫ10 6 cells/ml and an incubation temperature of 37°C as described by Sukcharoen et al. (1995) . Each sample was loaded onto 20 µm deep microcell slides (Microm, Thame, UK) and analysis was performed using a ϫ10 objective on five random fields from each sample. The analysis was performed in triplicate and the mean of the three measurements calculated. Parameter settings were as follows: frames acquired 30; frame rate 50 Hz; minimum contrast 10; minimum cell size 4; non-motile head size 12; non-motile head intensity 130; magnification 1.96; static size limits 0.59-2.87 and static intensity 0.471-1.77. A wide range of different movement characteristics were assessed including; average path velocity (VAP); straight line velocity (VSL); curvilinear velocity (VCL); linearity (LIN ϭ VSL/VCL); straightness (STR ϭ VSL/ VAP); % rapid (VAP Ͼ25 µm/s); % medium (VAP 10-24 µm/s); % slow (VAP 1-9 µm/s); % static; % overall motility (rapid ϩ medium ϩ slow); % progressive motility (STR Ͼ75%); beat cross frequency (BCF) and amplitude of lateral sperm head displacement (ALH).
Statistical analysis
Data were analysed with the StatView 2.0 software programme (Abacus Concepts, Berkeley, Ca) on a Macintosh 650 Centris computer using paired t-tests, one-way Analysis of Variance (ANOVA) and linear regression.
Results
The semen profiles of the 20 samples used in this study were classified as normozoospermic and were as follows: concentration, range 46-192ϫ10 6 /ml, mean 103.65ϫ10 6 /ml; overall motility, range 51-90%, mean 70.4%; morphology, range 32-90%, mean 61.6%. Comparison of the sperm recovery and motility values for the two swim-up treatments revealed no significant differences for sperm recovery or any of the movement characteristics assessed, as illustrated in Figure 1 . The only parameter that bordered on statistical significance (P ϭ 0.05) was percentage overall motility which was higher in the swim-up from semen group (64.4 Ϯ 3.5 versus 55.0 Ϯ 4.5%).
The levels of ROS generation associated with each preparative technique are shown in Table I as median values (5-95th centile) and in Figure 2 as individual data points for each donor for each treatment (median value displayed by the bar). In Figure 2 , each treatment group is further subdivided to show the spontaneous chemiluminescent ROS signal, as well as the FMLP-and PMA-induced responses. Analyses within and between treatment groups were performed. Intra-group analysis showed that ROS generation was low in the original semen samples and did not increase on addition of FMLP, although exposure to PMA did significantly increase the chemiluminescent signal obtained (Figure 2 ; P Ͻ 0.01). Furthermore, examination of the within group variance for the swim-up from semen samples also revealed low chemiluminescent signals in the control population although the response was significantly elevated in the presence of FMLP and PMA (P Ͻ 0.01), suggesting a slight loss in the potential antioxidant capacity of the seminal plasma over this period of time. Analysis of the within group variance for the swim up from pellet samples also revealed significant responses to FMLP and PMA (Figure 2 , P Ͻ 0.001).
However, these changes were minor compared with the differences between groups. There was a profound increase in ROS generation recorded for the washed sperm pellets for all treatments compared with both the original semen samples Table I . Reactive oxygen species (ROS) chemiluminescence (median and 5-95th centiles) for semen samples and following isolation by either swim-up from semen or a swim-up from a washed pellet. Spontaneous, FMLP-stimulated and PMA-stimulated ROS generation 5 min integral (log) given (see Figure 2 ).
ROS chemiluminescence
Original Figure 2. Luminol-peroxidase dependent chemiluminescence detected in the original semen sample and at the end of a 1 h incubation period. Spermatozoa were isolated by either a swim-up from semen or a swim-up from a washed pellet. S ϭ spontaneous generation of reactive oxygen species (ROS); F ϭ N-formylmethionyl-leucyl-phenylalanine (FMLP)-induced ROS generation; and P ϭ 12-myristate-13-acetate phorbol ester (PMA)-induced ROS generation. Within group differences are denoted by † and between group differences by *. P Ͻ 0.01, P Ͻ 0.000, *P Ͻ 0.05 and ***P Ͻ 0.000. Bars ϭ median values (see Table I ).
and the swim-up from semen groups (Figure 2 , P Ͻ 0.001).
In addition, a significant difference was observed in the response to PMA following swim-up from semen compared with the original samples (Figure 2 , P Ͻ 0.05). Linear regression analysis indicated that the variability in ROS generation observed in the original semen samples was significantly correlated with the ROS generation recorded from the washed pellets, giving r values of 0.644, 0.483 and 0.545 for control (P Ͻ 0.01), FMLP (P Ͻ 0.05) and PMA (P Ͻ 0.05) generated signals respectively. The differences in ROS generation associated with the different swim-up techniques reflected the presence or absence of seminal antioxidant protection; the TRAP value (mean Ϯ SD) of the seminal plasma samples was 10.9 Ϯ 6.2 µM, being considerably greater than that provided by medium BWW (less than the lowest standard on the TROLOX standard curve, 0.625 µM). Individual seminal plasma samples also varied in the level of anti-oxidant protection they afforded. Analysis of PMA-stimulated ROS production in the original semen samples revealed two distinct subsets of donors (Figure 3) . The first subset showed variable TRAP values with lower levels of ROS production whereas the other subset exhibited high ROS production with low TRAP values ( Figure 3A, circled) . When a regression analysis was performed with the former included, there was no significant correlation between ROS production and TRAP values but if this subset was excluded, then a significant correlation was observed ( Figure 3B , r ϭ -0.62 P Ͻ 0.05)
The degree of DNA damage associated with each sperm preparation protocol is shown in Figures 4 and 5 . The oxidative stress created by the swim-up from pellet technique was associated with a highly significant increase (semen swim-up mean Ϯ SD, 105.8 Ϯ 19.0, pellet swim-up mean Ϯ SD, 129.4 Ϯ 19.2, P Ͻ 0.001) in the amount of DNA damage sustained by the spermatozoa compared with those prepared by swim-up from semen (Figure 4) . In Figure 4 the information is presented as the median grey level for each sample but for Figure 5 the data are shown as a percentage of cells lying above a threshold value for normality. The latter was taken to be the 90th centile mean grey level for the swim-up from semen group. This method of presenting the data emphasized that sperm populations prepared by swim-up from pellet technique not only exhibited a higher median level of DNA fragmentation per cell but also possess a significantly higher proportion of spermatozoa with severely damaged DNA (P Ͻ 0.001).
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Discussion
Evidence for the involvement of ROS in the aetiology of male infertility is now well established (Aitken, 1994; Sharma and Agarwal, 1996) and the origins of oxidative stress in this context include the infiltration of seminal leukocytes and the enhanced generation of ROS by the spermatozoa themselves. In addition, it has been demonstrated that the method employed for preparing spermatozoa influences ROS production by human sperm suspensions and this inversely correlates with the fertilizing potential of the spermatozoa in vitro (Aitken and Clarkson, 1988; Griveau and Le Lannou, 1994) . As a result, IVF rates are significantly improved when the methods used to prepare spermatozoa minimize the production of ROS (Aitken and Clarkson, 1988; Guérin et al., 1989; Junca et al., 1989; Sukcharoen et al., 1996) . However, even when such precautions are taken, a substantial proportion of the infertile male population produce spermatozoa that are so profoundly damaged that IVF is of little therapeutic value. The advent of ICSI has offered hope to such couples. With this technology even the worst cases of oligoasthenoteratozoospermia can achieve fertilization and pregnancy (Palermo et al., 1995 (Palermo et al., , 1996 . Moreover since the competence of the spermatozoa to undergo capacitation, the acrosome reaction and oocyte fusion is not a prerequisite for successful fertilization with ICSI, the emphasis on preserving the functional integrity of spermatozoa during semen preparation for ICSI is no longer paramount (Liu et al., 1994) .
The need to develop techniques for the effective recovery of spermatozoa for ICSI and the withdrawal of Percoll for use in conventional IVF protocols has created renewed interest in semen preparation techniques. In this study we have compared two methods of semen preparation involving the selection of highly motile spermatozoa by either a swim-up from semen or a swim-up from a washed centrifuged pellet. Since both of these techniques involve the selection of spermatozoa on the basis of their motility, it is not surprising that the preparation protocol employed had no major effect on sperm motility. With the exception of percentage overall motility, which was reduced in the sperm populations prepared by swim-up from a pellet (Aitken and Clarkson, 1988) , neither the quality of sperm movement nor the total number of motile cells recovered (data not shown) was significantly influenced by the choice of sperm preparation technique. Nevertheless, the preparation protocol did have a profound effect on the amount of oxidative stress inflicted on the spermatozoa during their isolation.
Significantly higher levels of ROS were recorded in cell suspensions prepared by swim-up from pellet compared with swim-up from semen. This difference undoubtedly reflects the powerful antioxidant properties of seminal plasma, which are considerably greater than the minimal antioxidant activity associated with medium BWW. Within the swim-up from semen group a cohort of samples was identified in which high levels of free radical production in response to PMA were associated with low TRAP values in the seminal plasma. Whether the high levels of ROS generation led to a reduction in seminal antioxidant activity or whether the low levels of antioxidant activity allowed expression of a higher proportion of cellular ROS generation is not clear. Interactions between ROS generation and seminal antioxidant activity probably exist within the infertile population, since the high ROS signals commonly associated with defective sperm function in oligozoospermic males (Aitken et al., 1992b) are apparently correlated with impaired antioxidant activity in the seminal plasma (Lewis et al., 1995; Kurpisz et al., 1996) .
The elevated levels of ROS generation observed following creation of a washed pellet were associated with a significant increase in the degree of DNA damage detected in the spermatozoa (P Ͻ 0.001). Since the quality of sperm movement was not affected by the sperm preparation protocol, sperm chromatin would appear to be particularly susceptible to the oxidative damage inflicted during the isolation of these cells. It was noteworthy that even when spermatozoa were recovered directly from seminal plasma, the sperm suspensions exhibited a wide range of DNA damage. Clearly significant DNA fragmentation exists in some sperm samples via mechanisms related to defective sperm chromatin packaging (Sakkas et al., 1995) , which has recently been shown by Golan et al. to be highly variable, and usually substandard, in populations of spermatozoa from infertile men (Golan et al., 1997) . Nevertheless, the exposure of spermatozoa to iatrogenically induced ROS significantly increases DNA fragmentation levels above that of the normal population.
The potential use of genetically compromised spermatozoa in ICSI generates concern. The vulnerability of ICSI arises from the fact that, with conventional IVF, the kind of oxidative stress that damages the genome also leads to collateral peroxidative damage to the sperm plasma membrane that prevents sperm-oocyte fusion from taking place. However this block to fertilization is removed when ICSI is performed. Thus we have recently observed that spermatozoa exhibiting severe oxidative damage to their DNA are able to produce normal rates of nuclear decondensation and pronucleus formation following ICSI (Twigg et al., 1998b) . It is likely that the oocyte and cleavage stage embryo is competent to repair a certain level of DNA damage (Genesca et al., 1992) although whether there is a critical level of DNA fragmentation beyond which repair is impossible is not known. Furthermore, the influence of such damage on embryonic development and subsequent pregnancy has not been investigated.
Evidence suggesting a poor outcome for oocytes fertilized by ICSI, with inferior embryo quality, lower implantation rates and increased pregnancy loss is emerging (Sanchez et al., 1996; Bar-Hava et al., 1997) and there is certainly a minor increase in sex chromosome aneuploidy in ICSI offspring (Van Assche et al., 1996) . Furthermore, there may be implications for offspring born from ICSI conceptions that have impact in later life. Analysis of spermatozoa from smoking men shows that DNA damage levels in these cells are significantly increased (Fraga et al., 1996) . Epidemiological studies of childhood cancer have determined that paternal smoking habit is the principal identifiable risk factor associated with onset of disease (Ji et al., 1997; Sorahan et al., 1997) . Thus it appears that DNA damage in spermatozoa may represent a risk to the normality of the offspring through mechanisms, in the case of smokers, mediated by oxidative stress. Whether 444 the same risks apply to ICSI offspring will only be determined by careful follow-up of these children into adulthood.
In order to minimize the risk of iatrogenically induced DNA damage, antioxidant protection of spermatozoa might be considered, either afforded by the seminal plasma itself or by supplementation of the culture medium. The effectiveness of specific antioxidants in culture medium is dependent on the source of the ROS. Parinaud et al. (Parinaud et al., 1997) have recently shown that the inclusion of antioxidants (Sperm-Fit ® ) in media during centrifugation of spermatozoa significantly reduces leukocyte mediated motility loss. Furthermore, the inclusion of albumin in the culture medium has been shown to protect spermatozoa from the deleterious effects of ROS, particularly when the molecules arise from an intracellular source (Storey, 1997; Twigg et al., 1998a) . In situations where the centrifugation of unfractionated sperm samples is unavoidable then antioxidant supplementation to protect the spermatozoa from both exogenous and endogenous ROS production should be considered.
